Purpose The purpose of this study is to compare the retrobulbar hemodynamic parameters in the ophthalmic artery (OA), central retinal artery (CRA), and posterior cilliary arteries (PCA), in open-angle glaucoma (OAG) and angle-closure glaucoma (ACG) patients. Patients and methods A total of 52 eyes from 52 patients with OAG and 25 eyes from 25 ACG patients who met the inclusion/exclusion criteria were included in this cross-sectional study. Peak-systolic velocity, end-diastolic velocity, and Pourcelot resistivity index (RI) were assessed in the OA, CRA, and PCA. Intraocular pressure (IOP) was measured both with the Goldmann applanation tonometer (GAT) and with the Dynamic Contour tonometer (DCT) three times, respectively. Ocular pulse amplitude was measured using DCT. Results The RI was significantly higher in both the ophthalmic and short PCA in the OAG patients as compared with that in those ACG patients, P ¼ 0.003 and 0.048, respectively. There was no correlation between the IOP measured with GAT and the retrobulbar hemodynamic parameters in either OAG or ACG. Conclusions There was an increased resistance to blood flow in the OA of OAG as compared with ACG patients. Additionally, the degree of circulatory disturbance was not related to either the IOP or the visual-field damage.
Introduction
Although elevated intraocular pressure (IOP) is one of the major risk factors not only for the onset of glaucoma, 1,2 but also for the progression of the glaucomatous damage, 3, 4 the term glaucoma covers a wide range of multifactorial optic neuropathies.
The evidence for vascular risk factors in glaucoma has continued to build over the past several years as evidence from dozens of prospective studies across the world that ocular blood flow (OBF) changes are involved both in the pathogenesis of glaucoma [5] [6] [7] [8] [9] [10] and in progression of glaucomatous damage. [11] [12] [13] However, the question of whether OBF disturbances are an independent primary factor remains.
The most widely utilized imaging technology for investigating OBF in humans is colour Doppler imaging (CDI).
14 CDI combines B-scan grey scale imaging of tissue structure, colour representation of blow flow based on Doppler shift, and pulsed Doppler measurement of blood-flow velocities. This method is used in ophthalmology to measure blood-flow velocities in the retrobulbar vessels. 7, [14] [15] [16] Angle-closure glaucoma (ACG) is relatively rare in European countries, but is very common in other parts of the world. Population-based prevalence studies among Asians and Eskimos showed that ACG is the most common type of glaucoma. 17 Few studies have investigated the ocular circulatory changes in ACG patients.
Cheng et al 18 reported that patients with chronic ACG may have decreased retrobulbar blood-flow velocities and increased vascular resistance in the central retinal artery (CRA) and temporal posterior cilliary arteries (PCA).
The purpose of this study is to compare the retrobulbar hemodynamic parameters in the ophthalmic artery (OA), CRA, and PCA, in primary open-angle glaucoma (POAG) and primary ACG (PACG) patients.
Materials and methods
A total of 52 OAG and 25 ACG patients were included in this prospective and cross-sectional study.
All participants signed an informed, written consent form approved by the ethics committee of the Clinical Centre of Serbia in Belgrade, which was in agreement with the provisions of the Declaration of Helsinki for biomedical research.
Institutional review board approval was obtained and the study adhered to the tenets of the Declaration of Helsinki. Only one eye that fulfilled all the inclusion criteria and none of the exclusion criteria was designed as the study eye in each patient; in patients in whom both eyes fulfilled all inclusion criteria and none of the exclusion criteria, one randomly chosen eye was included for the purpose of statistical analysis.
All participants were required to meet the following inclusion criteria: age equal or higher than 25 years, clinical diagnosis of OAG or ACG in early stage, IOP higher than 25 mm Hg, willingness to comply with the investigators and protocol indications.
Patients were excluded by the following criteria: previous treatment with ocular filtering surgery, history of previous refractive surgery, diabetes, history of progressive retinal or optic nerve disease of any cause, and pregnancy or lactation.
For glaucoma diagnosis, visual-field (VF) examinations were performed using the 24-2 Swedish Interactive Thresholding Algorithm Standard strategy (SITA standard) on the Humphrey VF analyser (Carl Zeiss Meditec, Dublin, CA, USA). Glaucomatous VF defects were defined as follows: a minimum of one location in the paracentral or nasal step regions corresponding to sectors 1 or 2, or to the inferior 3 location in sector 3 of the Glaucoma Hemifield Test, 19 exhibiting repeatable abnormality at the Po0.5% level by pattern deviation probability analysis, or by two or more locations in a cluster exhibiting repeatable abnormality at Po2% by pattern deviation probability analysis, excluding any location in the cluster located in the opposite horizontal hemifield.
Early glaucoma was defined using the criteria developed by Hodapp et al. 20 Subjects were diagnosed as having ACG if they had history of elevated IOP, occludable angles and VF defects in one or both eyes, and were free from symptoms/signs of acute attack. An occludable angle was defined as an angle in which the pigmented trabecular meshwork was not visible throughout three-quarters or more of the angle circumference without indentation and manipulation.
At baseline, all subjects underwent a standard ophthalmic examination including visual acuity (Snellen chart), slit-lamp biomicroscopy, gonioscopy, IOP measurement with Goldmann applanation (GAT) and Dynamic Contour tonometer (DCT), central corneal thickness (CCT) measurement with ultrasound pachymeter, fundus examination using a lens, and the CCT three times, consecutively with the Ultrasound Pachymetry (Palm Scan AP 2000, ophthalmic ultrasound, Micro Medical Devices, Inc., Calabasas, CA, USA).
IOP was determined three times, each consecutively, using DCT (Swiss Microtechnology AG, Port, Switzerland) and GAT (Goldmann tonometer; Haag Streit AG, Koeniz, Switzerland). Ocular pulse amplitude (OPA) appeared during the DCT measurement.
All CDI examinations (model Antares; Siemens, Munich, Germany) were performed at all study visits by the same experienced observer, who was masked to the diagnosis.
A 7.5-10 MHz vector-array transducer was applied to the closed eyelid using a coupling gel; any pressure on the eye itself was avoided. Measurements were taken using the conventional technique, 21 which is identical to the technique we have used in many previous studies. 13, [22] [23] [24] [25] In brief, OA flow measurements were performed approximately 10-15 mm posterior to the globe, where ultrasound signals are stronger. Short PCA (SPCA) images were taken temporally and nasally to the optic nerve just behind the posterior pole of the eye. The angle between transducer and vessel orientation was corrected. CRA measurements were taken at the optic nerve head level.
Peak-systolic velocity (PSV) and end-diastolic velocity (EDV) were measured in the OA, CRA, and medial and lateral SPCAs. Although the medial and lateral PCAs were individually assessed, the mean value of both was used for the statistical analysis. PSV and EDV were used to calculate the Pourcelot resistivity index (RI), using the following equation: RI ¼ PSVÀEDV/PSV. 26 Evaluations of blood pressure and radial pulse were obtained in a supine position after 10 min of rest. Systolic blood pressure and diastolic blood pressure were measured in the upper right arm using a mercury sphygmomanometer and the heart rate was measured by palpation of the radial pulse. These parameters were obtained every 10 min, during Doppler examination.
Statistical analysis
Before the study, it was determined that a sample of at least 22 patients was required to detect a difference of 0.05 units in the mean RI in the OA, SPCA, and CRA, at a significance level of 0.05 with a power of 0.90, and assuming an SD of 0.05 units. The adjusted power of the study was 0.73 (0.9 Â 0.9 Â 0.9).
Descriptive statistics (mean (SD)) and 95% confidence intervals were used to report demographic and ocular baseline characteristics. Data were tested for normal distribution using a Kolmogorov-Smirnov test. As data were normally distributed, a two-tailed, independent samples Student's t-test was used to evaluate the IOP and the hemodynamic parameters by intergroup comparisons.
Because of the large number of tests, simultaneous inference using the Bonferroni correction was used to correct the P-value (a/9). Statistical significance was accepted for Po0.0055.
To analyse the correlation between the retrobulbar hemodynamics and in IOP assessed with GAT, Pearson's correlation coefficients were calculated for every parameter.
Statistical analysis was performed using Med-Calc11.5.1.0 (MedCalc Software, Mariakerke, Belgium).
Results
Subject demographic characteristics are shown in Table 1 . There was no statistically significant difference between the two groups in age, sex, IOP, refractive status, CCT, and VF damage.
There was no significant difference in OPA between OAG and ACG, 4.1 (1.3) and 3.9 (1.0), respectively, P ¼ 0.202.
The retrobulbar hemodynamic parameters are summarized in Table 2 .
The RI was significantly higher in the OAG patients as compared with that in that ACG, in both ophthalmic and SPCAs patients, P ¼ 0.003 and 0.048, respectively, Table 2 and Figure 1 .
However, when Bonferroni correction was applied retrobulbar hemodynamic parameters only, the RI in the OA was significantly different Table 2 .
Pearson correlation coefficients between retrobulbar hemodynamic parameters in the retrobulbar vessels and IOP, assessed with GAT, are shown in Table 3 .
Our study found a lack of correlation between the mean defect and the blood-flow parameters in both OAG and ACG Table 4 . Eye
Discussion
The present study found that the RI in the OA was significantly higher in the OAG as compared with the ACG patients. Additionally, our study also suggests a lack of correlation between either the retrobulbar hemodynamic parameters and the IOP, or the retrobulbar hemodynamic parameters and the VF damage in either OAG or ACG.
There are relatively few studies that have evaluated the hemodynamic parameters of the ACG patients.
Cheng et al 18 reported that patients with wellcontrolled CACG may have decreased retrobulbar blood-flow velocities and increased vascular resistance in the CRA and temporal PCA, as compared with healthy subjects.
It is very difficult to compare our results with those published by Cheng et al, 18 because our study did not include a healthy control group and Cheng et al's 18 study did not evaluate the OA.
Additionally, the inclusion criteria were different. Cheng et al 18 included patients with an IOP within normal limits (equal or lower than 19 mm Hg) without medical treatment, and our study included newly 
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On the other hand, Bonferroni correction was not used in the Cheng et al 18 study. Nong and Ninghua 27 investigated the hemodynamic changes of the ophthalmic and CRA in PACG and the effects of IOP on the retrobulbar hemodynamics. The results of this study suggested that compared with the normal subjects, the hypertension group of ACG showed significant reduction in the EDV and increases in pulsatility index and RI of CRA, whereas normal tension group of ACG also showed remarkable increase in RI of CRA. 27 However, these authors concluded that the elevated IOP was a major cause of the vascular resistance increased in PACG, which will make the end-diastolic blood flow of CRA decreased.
In contrast to the study of Nong and Ninghua, 27 our study did not find either blood-flow disturbances in the retrobulbar vessels of the ACG patients or any correlation between the IOP and the retrobulbar hemodynamic parameters.
As our study did not find any significant difference in IOP between the groups, the differences in retrobulbar hemodynamics should be related to other factors.
In this study, there was no significant difference in either the IOP or the VF damage. Thus, it is likely that the hemodynamic changes seen in the OAG group were primary, but it is not possible to ascertain from our results.
Our study failed to find differences between OAG and ACG patients in other retrobulbar hemodynamic parameters. It might be explained by technical problems. Measurements of SPCA show greater variability than those of the OA, and although all CDI measurements were made by the same experienced user, the SD of the measurements in the SPCA was much higher.
Our study did not find any correlation the between VF damage, assessed with the mean defect, and OPA or the retrobulbar hemodynamic parameters in either the OAG or the ACG patients. Nevertheless, these findings might be related to the VF inclusion criterion.
Our study has some limitations. The first results from our use of a singular ocular-imaging technology to study OBF, without providing data on the retina or other vascular beds. We know that blood-flow velocity is not equivalent to blood flow. However, studies have shown that Doppler ultrasonography can be used to correlate changes in blood flow and provide a meaningful trend analysis in the central nervous system. 28 We believe that flow velocities and RI measured from CDI may give us some clues to the status of ocular circulation. The second limitation of our study is that it is a single-center study, with a limited number of patients. Nevertheless, the sample size was calculated before the study. It should be also taken in consideration the fact that we included OAG patients with high pressures and early VF damage. Appropriate caution is therefore recommended when extending the results to other populations.
In summary, the results of our study suggest that the RI in the OA was significantly higher in the OAG as compared with the ACG patients. Additionally, the degree of circulatory disturbance was not related to either the IOP or the VF damage.
